Background. Functional neuroimaging technologies enable assessment of operator brain function and can deepen our understanding of skills learning, ergonomic optima, and cognitive processes in surgeons. Although there has been a critical mass of data detailing surgeons' brain function, this literature has not been reviewed systematically. Methods. A systematic search of original neuroimaging studies assessing surgeons' brain function and published up until November 2016 was conducted using Medline, Embase, and PsycINFO databases. Results. Twenty-seven studies fulfilled the inclusion criteria, including 3 feasibility studies, 14 studies exploring the neural correlates of technical skill acquisition, and the remainder investigating brain function in the context of intraoperative decision-making (n = 1), neurofeedback training (n = 1), robotassisted technology (n = 5), and surgical teaching (n = 3). Early stages of learning open surgical tasks (knot-tying) are characterized by prefrontal cortical activation, which subsequently attenuates with deliberate practice. However, with complex laparoscopic skills (intracorporeal suturing), prefrontal cortical engagement requires substantial training, and attenuation occurs over a longer time course, after years of refinement. Neurofeedback and interventions that improve neural efficiency may enhance technical performance and skills learning. Conclusion. Imaging surgeons' brain function has identified neural signatures of expertise that might help inform objective assessment and selection processes. Interventions that improve neural efficiency may target skill-specific brain regions and augment surgical performance. (Surgery 2017;162:1130-39.) 
Background. Functional neuroimaging technologies enable assessment of operator brain function and can deepen our understanding of skills learning, ergonomic optima, and cognitive processes in surgeons. Although there has been a critical mass of data detailing surgeons' brain function, this literature has not been reviewed systematically. Methods. A systematic search of original neuroimaging studies assessing surgeons' brain function and published up until November 2016 was conducted using Medline, Embase, and PsycINFO databases. Results. Twenty-seven studies fulfilled the inclusion criteria, including 3 feasibility studies, 14 studies exploring the neural correlates of technical skill acquisition, and the remainder investigating brain function in the context of intraoperative decision-making (n = 1), neurofeedback training (n = 1), robotassisted technology (n = 5), and surgical teaching (n = 3). Early stages of learning open surgical tasks (knot-tying) are characterized by prefrontal cortical activation, which subsequently attenuates with deliberate practice. However, with complex laparoscopic skills (intracorporeal suturing), prefrontal cortical engagement requires substantial training, and attenuation occurs over a longer time course, after years of refinement. Neurofeedback and interventions that improve neural efficiency may enhance technical performance and skills learning. Conclusion. Imaging surgeons' brain function has identified neural signatures of expertise that might help inform objective assessment and selection processes. Interventions that improve neural efficiency may target skill-specific brain regions and augment surgical performance. (Surgery 2017; 162:1130-39.) From the Department of Surgery and Cancer a and Hamlyn Centre for Robotic Surgery, b Imperial College London, London, United Kingdom NEUROIMAGING has the potential to advance our understanding in areas of surgical training and practice for which there remain on-going challenges and controversies, such as expertise development and skills training. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] However, assessment of surgeons' brain function was quiescent until approximately a decade ago, when advances in functional neuroimaging techniques made assessments of operator brain function during surgery both tangible and feasible (see Part I). Our team and other investigators have capitalized on developments that enable subjects to be freely mobile to execute complex maneuvers and allow assessments of brain function in natural and challenging environments. Moreover, there is a critical mass of published research describing the added value of operator brain function in improving surgical training and enhancing patient safety, but to date this literature has not been reviewed in detail. The current review seeks to address this gap in the literature, specifically focusing on the following research questions: 1) Are there differences in neuroimaging signals obtained from novice and expert surgeons during technical and nontechnical skill performance, in which regions of the brain are these differences observed, and how does skills training influence these signals? 2) How do interventions designed to enhance skill acquisition and/or surgical performance modulate brain signals in surgeons?
METHODS
The Preferred Reporting Items for Systematic Reviews and Meta-Analyses methodology was followed to conduct a systematic database search of Medline, Embase, and PsycINFO up to November 2016. Appropriate keywords and MeSH terms were identified and combined using suitable Boolean operators (Supplementary Material). Additional articles were retrieved from bibliographic searches. The search was limited to studies on humans and English language publications. Studies were included for review based on the following inclusion criteria: (1) published original studies, (2) study participants were surgeons, (3) the dependent variable was brain function measured using established neuroimaging modalities, and (4) the independent variable was any technical or nontechnical skill, or a skill-enhancing intervention. Retrieved articles were independently analyzed by 2 of the authors (H.N.M. and H.S.), and disagreements over inclusion or exclusion were resolved by consensus. A critical synthesis of the extracted data was undertaken to delineate the brain regions crucial for successful performance of specific technical and nontechnical skills in surgery, as well as to assess the impact of specific interventional strategies on brain signals and surgical performance.
RESULTS
Data extraction. As illustrated in Fig 1, 27 articles were eligible for inclusion and comprised feasibility studies (n = 3), investigations of technical skill acquisition (n = 14), intraoperative decision-making (n = 1), neurofeedback (n = 1), robot-assisted technology (n = 5), and surgical teaching (n = 3) (Supplementary Material Table I ).
Technical skills and brain function. Functional neuroimaging data successfully acquired during open 15 and laparoscopic 16, 17 task paradigms is repeatable, 15 reliable, 15 and resistant to motion artefact. 17 Variations in brain activation associated with technical expertise, and which subserve motor learning, are discussed according to the brain region of interest.
Prefrontal cortex. Changes in activation of the prefrontal cortex (PFC) that accompany expertise development and motor learning in surgery depend upon task complexity (Fig 2) . With "simple" tasks, such as open knot tying, novices exhibit greater PFC activation than expert surgeons. 1 However, after a period of training and practice, the prefrontal response of the "trained" novices attenuates as performance improves. 3, 4 For more complex skills, such as laparoscopy, prefrontal engagement requires greater practice, and attenuation requires many years of refinement. For example, Ohuchida et al 10 demonstrated that novices failed to activate the PFC during a na€ ıve phase of laparoscopic suturing (ie, trainingnaive), but did so after a 2-hour training session. 10 Similarly, Shetty et al 6 observed that anticipated PFC attenuation failed to accompany improvements in laparoscopic suturing skill despite 8 hours of training and near-expert levels of performance upon training cessation. 6 Indeed, for laparoscopic skills, residents require on average 4 to 5 times greater PFC activation than experts, 14 suggesting that prefrontal demands are alleviated only through years of refinement.
Motor and parietal areas. The primary motor cortex (M1), the supplementary motor area, and the premotor area are responsible for planning and execution of voluntary movements. 21 Data from functional magnetic resonance imaging, 13 positron emission tomography, 12 and functional near infrared spectroscopy (fNIRS) 14 experiments during open 13 and laparoscopic 12,14 skills suggest less M1 activation in expert surgeons compared to novices, implying learning-related movement efficiency (eg, reduced path-length, fewer unnecessary movements) 22, 23 is mirrored in efficiencies in motor regions in the brain. In contrast, comparatively greater activation in motor and parietal regions has been demonstrated in experts during motor imagery 13 and surgical task planning.
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Cerebellum. The cerebellum plays an important role in both motor coordination and cognitive function, such as veridical visual perception. 24 In a study by Duty et al, 12 observing laparoscopic tasks led to enhanced activation of the cerebellum in expert surgeons and relative deactivation in novices, 12 implying this region may be part of an action observation network 24 and be implicated in the storage of an acquired skill in experts. 21 Global cognitive function. Electroencephalography has been used to derive scores for "cognitive engagement," "mental workload," and "mental state" in novice (beginner), intermediate (competent and proficient), and expert surgeons performing robotic tasks of varying complexity on the da Vinci Surgical System (Intuitive Surgical, Sunnyvale, CA). 8 Greater expertise correlated with lower mental workload and less cognitive engagement (Fig 2) . 8 Expert surgeons were found to utilize different cognitive processes based on need during an operation. 9 For example, maneuvers associated with greater uncertainty and ambiguity (eg, "adhesiolysis") led to greater cognitive engagement scores than for automated and repetitive skills (eg, "anastomosis"). 9 However, the precise definitions of "cognitive engagement," "mental workload," and "mental state" were not clarified, 8, 9 and given the poor spatial resolution of electroencephalography (EEG), it is challenging to map different cognitive states to brain regions of interest.
Studies interrogating technical skill acquisition are hampered by small sample sizes, and several studies included #10 subjects. 8, [11] [12] [13] In our own experience, imaging modalities such as EEG and fNIRS require a considerable amount of set-up time, constraining the number of attendings. Age-related cortical atrophy can affect the optical properties of brain tissue, particularly depth of penetration and optical pathlength, 25 and less 3 With more complex tasks (eg, laparoscopic knot tying or natural orifice tasks), similar changes in the PFC occur only after an extended period of practice. 5, 6, 10 Below: Findings from learning-related EEG studies. Guru et al 8 : Expertise in robotic tasks can be determined from measurements of cognitive function (mean scores shown); Zhu et al 40 : Implicit motor learning results in greater neural efficiency in novices during a laparoscopic tracking task, highlighted by less coactivation between motor planning and verbal-analytic regions; Ros et al 28 : Lower SMR-Theta ratio is associated with low improvers among ophthalmic trainees performing a simulated cataract operation, suggesting less brain computational power with better skill acquisition; Bocci et al 33 : Robotic suturing elicits a larger representation of upper alpha and beta frequencies compared with laparoscopic suturing. Surgery Volume 162, Number 5 marked task-induced cortical activation is a feature of older populations. 26, 27 However, the difference in mean age between "young" and "old" cohorts in these studies was z40 years, 26, 27 while the difference in mean age between expert and novice surgeons in the neuroimaging studies reviewed ranged from 9.4 to 24.4 years. 4, 5, 12 Nontechnical skills and brain function. Intraoperative decision-making. Functional neuroimaging has been used to expose differences in decisionmaking (DM) systems used by novice and experts surgeons during surgery, based on patterns of prefrontal activation. 28 When observing simulated surgical scenes in the absence of operative cues ("unprimed" scenes, in which the next operative maneuver is hidden), novice surgeons use effortful DM processes that require increased attention and concentration, and significant activation in the dorsolateral, ventrolateral and medial PFC. 28 However, decision cues ("primed" scenes, in which the next operative maneuver is apparent) leads to acceptance of the observed decision and prefrontal disengagement, suggesting reduced attention. 28 In contrast, no difference in PFC activation between primed and unprimed scenarios is observed among more experienced surgeons. 28 Performance-enhancing interventions. Neurofeedback. Neurofeedback involves the selfregulation of electrical signals from the brain in order to enhance function, maximize performance and minimize errors. 29, 30 In the study by Ros et al, 19 EEG-based neurofeedback was used in an attempt to modulate technical performance during a simulated cataract operation. Twenty ophthalmic trainees received either sensory motor rhythm-theta (SMR-T) or alpha-theta (AT) feedback training.
19 SMR-T training aims to elevate sensorimotor rhythm (12 to 15 Hz) and depress theta activity (4 to 7 Hz), reducing sensorimotor interference in basal ganglia/thalamocortical circuits 31 and enhancing attention and perception. 29 Indeed, SMR-T training led to a significant improvement in technical performance and a reduction in reported anxiety (Fig 2) . 19 In contrast, neither of these outcomes changed significantly in the AT group, 19 suggesting that SMR-T neurofeedback may improve surgical performance by enhancing attentional executive function. However, the authors were unable to report any longterm follow-up data to demonstrate whether neurofeedback-related improvements in performance were retained.
Laparoscopy versus robotic surgery and robot-assisted intervention. Investigators have begun to explore the effect of robotic surgical platforms on operator cognition to help realize the neuroergonomic advantages compared with conventional laparoscopy. The intraparietal sulcus plays a vital role in visuospatial attention and hand-eye coordination. 32 Miura et al 33 observed maximum intraparietal sulcus activation at a 758 optical axis-to-target view angle and suggested this camera angle to be optimal for robotic surgery. 33 Similarly, Bocci et al, 20 observed stronger intrahemispheric EEG coherence between motor areas with the laparoscopic approach in the theta and lower alpha bands and greater interhemispheric EEG coherence with the robotic approach in the beta and upper alpha bands (Fig 2) . 20 Because functional interactions in alpha and beta bands are vital for visual perception and attention, 34 these results may imply that robotic platforms enhance higher cognitive skills to greater extent than laparoscopy.
Novel and emerging assistive technologies designed to enhance robotic surgical performance are now being investigated for neuroergonomic advantages. For example, James et al 35 observed that gaze-contingent motor control, in which robotic instrument control is constrained by the gaze of the user, 36 resulted in greater improvements in performance 36 and more rapid attenuation of PFC activity and focusing of parietal cortex activation 37 compared with the free-hand learners.
Surgical teaching. The impact of telemonitoring on trainee's brain function also has been investigated using neuroimaging techniques. For example, in the study by Leff et al, 38 trainer gaze behavior was utilized to visually guide residents performing a simulated biopsy on a robotic platform. 38 Compared with verbal guidance, visual guidance resulted in more focused visual search patterns, less occipitoparietal activation, and superior performance (ie, greater number of successful biopsies, shorter path-length). 38 As Fig 2 illustrates , improvements in technical performance and neural efficiency have also been observed when operative skills are learned using random practice schedules (tasks presented in a nonsequential unpredictable order) 39 or implicit learning strategies (low conscious awareness of learning taking place). 18 
DISCUSSION
This systematic review critically evaluates the findings from published neuroimaging studies involving surgeons, with consideration as to how the results may benefit the wider surgical community. The majority of studies have focused on technical skill acquisition [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] ; however, intraoperative decision-making, 28 neurofeedback, and the impact of new surgical technologies on operator cognition 20,33 also have been investigated, and these merit separate discussion. Table 1 summarizes some of the key findings with respect to brain region and the implications for surgical practice.
Technical skill acquisition. There is substantial evidence regarding the contribution of the PFC during novel motor skills acquisition, [1] [2] [3] [4] 6, 10 given its importance in attentional processes, sensorimotor integration, working memory, and learning by trial and error. 21 The PFC is recruited to a greater extent in novice compared to expert surgeons, 1, 3, 4 and PFC attenuation accompanies the acquisition of complex bimanual coordination tasks. [2] [3] [4] Similarly, automated performance in expert surgeons in whom skills are ingrained with years of repeated and refined execution, is less reliant on the PFC. 1, 3 The lack of PFC attenuation after periods of training on more complex laparoscopic drills, despite a significant improvement in dexterity toward "expert" levels, 6 suggests neuroplastic shifts in brain activation might better reflect differences between "trained" and "expert" surgeons beyond the attainment of technical proficiency benchmarks.
Interestingly, Ohuchida et al 10 found that without training, novices failed to exhibit PFC responses during laparoscopic tasks, affording them a pattern of brain activation similar to experts. 10 Unlike experts, in whom PFC attenuation likely reflects skills automation, the lack PFC recruitment in na€ ıve surgeons may herald a need for cognitive training. Tasks that are too difficult may preclude novices from developing a cognitive strategy for successful motor performance, requiring them to rely more on luck rather than skill during initial attempts. 5 Therefore, distinguishing an expert surgeon from a na€ ıve learner on the basis of PFC activation alone may be challenging, and improved discrimination may require analysis of activation from other motor regions (eg, M1, cerebellum) and/or connectivity analysis. Indeed, recent work suggests that frontal lobe connectivity may be more sensitive than changes in activation in discriminating novice and expert surgeons during laparoscopic tasks. 7 Specifically, stronger connectivity in prefrontal and premotor regions is observed among novice surgeons, whereas experts display greater motor connectivity. 7 Moreover, reduced motor activation in line with surgical expertise is concordant with findings from functional magnetic resonance imaging studies involving professional pianists in whom less activation in primary and secondary motor areas is observed compared with musically na€ ıve controls during finger movement tasks 40 and suggests that consolidation of skills results in greater neural efficiency in motor regions, allowing experts to focus on the finer aspects of motor control as the primary task is more ingrained.
Overall, the changes observed support the hypothesis that the PFC functions as a "scaffold" during the early stages of learning, which is then phased out as expertise develops. 41 For assessment purposes, attenuated PFC and M1 responses during task performance would suggest learning success, whereas sustained PFC and/or M1 activation might identify those in need of further training. 42 Intraoperative DM. Expertise in DM is difficult to assess because the internal thought processes that underpin action selection do not have quantifiable behavioral correlates, and hence functional neuroimaging may provide a way of objectively assessing DM processes. Novices are characterized by excessive prefrontal activation at times of uncertainty, which suggests they engage in goal-directed effortful DM processes that require attention and mental effort. 28 In contrast, experts use habitual intuitive DM strategies in which solutions are selected from a repertoire of implicit knowledge or experience, and which is characterized by reduced PFC activation. 28 Neural responses to DM scenarios may be utilized in the assessment of DM skill or to coach improvement, with excessive prefrontal activation indicating a novice surgical decisionmaker and diminished activation characterizing an expert.
Neurofeedback and neural efficiency. Assistive technologies and specific learning schedules improve technical performance of surgeons, enhance neural efficiency, and facilitate the development of an "expert" pattern of brain activation. 18, 35, 37 From the reviewed literature, researchers are using operator brain function in 3 distinct approaches. First, there is limited evidence that certain neural feedback regimens (eg, Visual guidance from a trainer reduces the cognitive burden of residents during task performance, thereby liberating attentional resources that can be used to focus on other safety-critical aspects of a procedure.
SMR-T training) may enhance technical skills, 19 but there is no data describing the effect of feedback on changes in brain activation or neural efficiency. Although more studies are required, neurofeedback may optimize learning of complex surgical procedures that require integration of cognitive and sensorimotor skills, critical in an era of condensed training time. Second, behavioral interventions, such as implicit learning strategies, 18 random practice schedules, 39 and expert gaze-assistance, 38 seem to modulate the way in which learning progresses and may improve operator neural efficiency and performance. Finally, technologic approaches (eg, gaze stabilization) may shorten learning curves as well as minimize costs and improve efficiency of operator brain networks. 35 Limitations. Due to the heterogeneity in study designs, task paradigms, imaging modalities, and study populations, quantitative pooling of data as a meta-analysis was not feasible. Standard experimental and analytic frameworks need to be developed before a meta-analysis is achievable. Moreover, current quality scoring systems (eg, Strengthening the Reporting of Observational Studies in Epidemiology Score 43 ) , cannot be extrapolated easily to brain imaging research in surgeons. Nonetheless, based on our own experience using fNIRS, 25 a number of criteria should be met when conducting neuroimaging research and may form the basis of a novel and specific quality scoring system (see Part I). The absence of any power calculations or sample size estimations in the reviewed studies is likely to be due to the limited previous literature in this emerging field of research. Variations in heart rate and blood pressure during cognitively demanding tasks are known to influence cerebral blood flow and HbO 2 concentration, 44 but in the reviewed literature, systemic physiology was rarely recorded.
Functional neuroimaging identifies the neural correlates of surgical expertise and may inform future selection and assessment of surgeons. Neuromonitoring technologies enable the impact of training interventions and biofeedback techniques to be assessed as to the degree to which they accelerate learning, enhance performance, and improve neural efficiency. Intraoperative stress can have a detrimental impact on surgical performance, 45 but objective methods for measuring mental workload in surgeons are lacking. Future work could focus on the assessment of brain function to expose the dynamic relationship between mental workload and executive control processing, helping to characterize the neurobiology that may underpin "choking under pressure" 46 in the operating room.
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